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Bilirubin was previously considered a toxin byproduct of heme catabolism. However, a 
mounting body of evidence suggests that at physiological doses, bilirubin is a powerful 
antioxidant and anti-atherosclerotic agent. Recent clinical studies have shown that human 
beings with genetically-induced hyperbilirubinemia (Gilbert Syndrome) are protected 
against coronary heart disease. The purpose of this study was to investigate whether 
administration of exogenous bilirubin to normal rats would convey similar protective effects 
in an experimental model of coronary ischemia. We hypothesized that intraperitoneal 
bilirubin administration 1 h before injury would decrease infarct area and preserve left 
ventricular (LV) systolic function when compared to non-treated rats. Coronary ischemia 
was induced by temporary (30 min) ligation of the left anterior descending coronary artery 
in control or bilirubin treated rats, followed by a 1-h period of reperfusion. LV function was 
estimated by measurements of fractional shortening (FS) and fractional area shortening 
using echocardiography. LV function decreased in both experimental groups after ischemia 
and reperfusion, although in bilirubin-treated rats FS was less depressed during the period 
of ischemia (18.8 vs. 25.8%, p= 0.034). Infarct size was significantly reduced in the 
bilirubin treated group compared to the non-treated group (13.34 vs. 25.5%, p = 0.0067). 
Based on the results of this study, bilirubin supplementation appears to provide significant 
decrease in infarct size although protective effects on LV function were noted only during 
the period of ischemia. This result also suggests that lipid soluble antioxidant bilirubin 
prevents the oxidation of cardiolipin and decreases the infarct size in the heart during 
ischemia. 
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INTRODUCTION 

Heme oxygenase 1 (HO-1), originally known as heat shock pro- 
tein 32, is the sole enzyme controlling degradation of the heme 
molecule, forming equimolar quantities of carbon monoxide 
(CO), biliverdin (BV) and iron (Fe +2 ). BV is then converted 
into bilirubin by the enzymatic activity of bilirubin reductase 
(Maines, 1988). Initially, the HO-1 pathway and its byproducts 
were perceived as steps in a metabolic pathway for catabolism 
of the toxic heme molecule; however, mounting evidence sug- 
gests that HO-1 is an acute phase reactant that plays a crucial 
role in cytoprotection during cell stress. Upregulation of HO- 
1 by administration of the enzyme substrate hemin provided 
remarkable protection against ischemia-reperfusion injury in a 
rat model of myocardial infarction (Masini et al., 2003). Similarly, 
transgenic mice overexpressing HO-1 in the heart, showed an 
enhanced functional recovery during reperfusion after ischemia 
compared with nontransgenic controls (Vulapalli et al., 2002). 
Evidence now suggests that many of the protective effects of HO-1 
are conveyed by the byproducts of heme degradation, biliru- 
bin and CO, and that administration of these molecules may 



provide a means of supplementing the endogenous protective 
mechanisms that are already activated in various forms of car- 
diovascular disease or ischemia-reperfusion injury (Clark et al., 
2000; Kato et al., 2003; Nakao et al., 2003; Adin et al., 2005; 
Nakao et al., 2005, 2006). Bilirubin, in particular, has been tied 
to cardiovascular disease risk, with numerous studies document- 
ing that serum bilirubin levels are inversely proportional to risk 
of cardiovascular disease and atherosclerosis in human beings 
(Schwertner et al., 1994; Breimer et al., 1995; Hopkins et al., 1996; 
Mayer, 2000; Djousse et al., 2001; Temme et al., 2001; Ollinger 
et al., 2007; Ghem et al., 2010; Gul et al., 2013). While bilirubin 
may have several potential mechanisms of cytoprotective action, 
its primary role is as an antioxidant; bilirubin has been shown 
to be the most powerful antioxidant in serum, with increasing 
potency at lower oxygen concentrations (Stocker et al., 1987). At 
physiologic doses of 2-20 uM, bilirubin has antinitrosative effects 
(Minetti et al, 1998; Kaur et al., 2003; Kirkby and Adin, 2006) 
and inhibits vascular smooth muscle proliferation (Ollinger et al., 
2005), while at higher doses, cytotoxicity can result (Kapitulnik, 
2004). 
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Although this clinical and experimental evidence supports the 
importance of bilirubin in preventing chronic vascular disease 
and atherosclerosis, there have been few investigations of the 
protective effects of bilirubin in acute myocardial ischemia and 
reperfusion (IR). Clinical evidence in one recent study does sug- 
gest that serum bilirubin levels are inversely proportional to the 
risk of complications experienced by patients with acute myocar- 
dial infarction, but supplementation of bilirubin in these patients 
has not been investigated (Gul et al., 2013). Based on previous 
experience in manipulation of the HO-1 pathway in models of 
acute organ ischemia (Bonnell et al., 2004; Adin et al., 2005; 
Nakao et al., 2006; Vitek and Ostrow, 2009) and on the impor- 
tance of free radicals in acute myocardial injury (Werns et al., 
1985, 1986) we suspected that pre-treatment with exogenous 
bilirubin therapy may provide a practical means of reducing tissue 
injury in the milieu of acute coronary IR injury that occurs during 
clinical application of interventional cardiology (stenting and bal- 
loon angioplasty) or administration of thrombolytic therapies to 
humans with active myocardial infarction. In this study, we inves- 
tigated the effects of bilirubin supplementation using a rat model 
of left anterior descending coronary artery occlusion (LAD) and 
acute reperfusion injury. We hypothesized that bilirubin admin- 
istration would decrease infarct area and preserve left ventricular 
(LV) function when compared to non-treated rats. Our eventual 
goal is to apply supplemental bilirubin as a prophylactic therapy 
in human beings at risk for cardiac IR injuries. 

MATERIALS AND METHODS 
ANIMALS 

Twelve-week-old, Male Sprague Dawley rats, weighing 220-300 g, 
were purchased from Harlan Sprague Dawley (Indianapolis, IN). 
Animals were maintained in a temperature-controlled room and 
were fed with a standard diet and water ad libitum. All procedures 
were approved by The Ohio State University Institutional Animal 
Care and Use Committee and were performed in accordance with 
the Institute for Lab Animal Research Guide for the Care and Use 
of Laboratory Animals. 

BILIRUBIN STOCK SOLUTION 

Bilirubin stock solutions were prepared to a final concentration of 
2 mM. To make the stock solution, 0.0584 g bilirubin (Bilirubin 
mixed isomers B4126, Sigma-Aldrich, St Louis MO) was dis- 
solved in 0.5 mL 0.2 N NaOH, then total volume was increased by 
addition of RPMI 1640 + 10% FBS to a total volume of 50 mL. 
Adjustment of pH to 7.4 was achieved by adding hydrochloric 
acid. Aliquots of 2mM bilirubin in RPMI and 10% FBS were 
stored at — 80° C and were protected from light until being thawed 
and used for each experiment. 

EXPERIMENTAL GROUPS 

Male Sprague Dawley rats were randomly assigned into one of 
three treatment groups. Group 1 was administered the vehicle 
(PBS; n = 5), and Group 2 was administered bilirubin (10 mg/kg; 
IP; n = 5), 1 h before occlusion. To control for effects of anes- 
thesia on cardiac function a third, sham-operated group (« = 5) 
underwent anesthesia and thoracotomy, without LAD occlusion 
or treatment. 



SURGICAL PROCEDURE 

Body weight was recorded for each animal before the procedure. 
Anesthesia was induced by insufflating 5% isoflurane in 100% 
oxygen (2-3 min) into an induction chamber. After induction, an 
injection of 0.4 mL Ketamine (50mg/mL; 10 mg/kg) was admin- 
istered intra-peritoneally (IP) to supplement anesthesia during 
the tracheostomy and to decrease the subsequent requirement for 
isoflurane. A facemask was then used to deliver 100% O2 and 
isoflurane ( 1-2%) until tracheostomy access was obtained. A ven- 
tral midline cervical approach was made and tracheostomy was 
performed using al6 gauge intravenous catheter. Each catheter 
was secured to the skin using 3-0 silk suture, to prevent tube dis- 
lodgement during the surgical procedure. After intubation, anes- 
thesia was maintained with positive pressure ventilation (Harvard 
Rodent Ventilator, Southnatick, MA) using isoflurane ( 1-2.0%) 
in 100% oxygen. Oxygen flow rate was set at 0.2L/min and rats 
were ventilated at a rate of 95 cycles/min and tidal volume of 
2-2.5 mL. A heat lamp was used to maintain body tempera- 
ture at 37 ± 1°; temperature was monitored continuously using 
a rectal thermometer (Physitemp™, Clifton, NJ). Each rat was 
positioned in right lateral recumbency and temporary coronary 
ischemia was induced as previously described (Masini et al., 
2003). Following a left 4th intercostal thoracotomy, the heart was 
exposed and pericardiectomy was performed. The left auricle was 
gently retracted exposing the area of the left anterior descending 
coronary artery. Coronary ischemia was induced (group 1, 2) and 
maintained for 30 min by encircling the left anterior descending 
(LAD) branch of the left coronary artery, 1-3 mm from the tip 
of the normally positioned left auricle, with 6-0 silk suture with 
a tapered needle (Sofsilk™, Covidien, Norwalk, CT). The suture 
was tightened over a 2 mm section of PE-50 tubing to prevent 
vascular injury and to permit the release of the ligature during 
the reperfusion period. After release of the suture, reperfusion 
was allowed to occur for 60 min. Reperfusion of the previously 
occluded coronary artery was confirmed by visual inspection. 

ECHOCARDIOGRAPHY 

Left ventricular function was assessed with two-dimensional and 
M-mode echocardiography (Hagar et al, 1995). Images of the 
left ventricle (LV) were obtained at three different time points: 
after exposing the heart but prior to ligation; at the end of the 
ischemic period; and at the end of the reperfusion period. Before 
each echocardiographic measurement, saline was infused into the 
left hemithorax to minimize air artifacts and the hemithorax was 
temporarily closed using 4-0 Nylon suture (Ethicon, Johnson 
and Johnson, New Brunswick, New Jersey). Heart function was 
assessed by echocardiography at three different time points: prior 
to ischemia (baseline), after 30 min of LAD ligation (end of 
ischemia), and at 1 h post reperfusion (end of reperfusion) using 
an ultrasound unit (Vivid7™, GE Medical Systems, Milwaukee, 
WI, USA) equipped with a 13-MHz linear phase arrayed trans- 
ducer (GE il3L) and proprietary software for rodent imaging. 
Acquisition frame rates were 159/s. The heart was first imaged 
with 2D echocardiography using a short axis-imaging plane at 
the level of the papillary muscles. The M-mode cursor was then 
placed perpendicular to the ventricular septum and LV poste- 
rior wall to acquire M-mode imaging of the LV. Images were 
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stored in digital format on a magnetic optical disk for subsequent 
review and analysis. Measurements of the LV internal diameter 
at end- diastole (LVIDd) were taken at the time of maximal LV 
diastolic dimension, whereas measurements of the LV internal 
diameter at end-systole (LVIDs) were taken at the time of the 
apogee of the systolic excursion of the posterior wall. Five differ- 
ent measurements were taken and the average number was used 
as a single data point for statistical analysis. Left ventricular frac- 
tional shortening (FS) was calculated by the formula: FS (%) = 
(LVIDd-LVIDs / LVIDd) x 100. Fractional area shortening (FAS) 
was calculated by tracing the endocardial border at the maximal 
LV diastolic diameter, and minimal LV systolic diameter. FAS was 
calculated by the formula FAS (%) = (LVAd-LVAs/LVAd) x 100. 

TISSUE SAMPLING 

Before termination of the experiment, the LAD was re-occluded 
and lmL of 1% Evans blue solution ( Sigma- Aldrich, St. Loius, 
MO) was perfused in a retrograde manner with a 22-gauge nee- 
dle inserted into the ascending aorta (group 1, 2) to identify 
the area at risk of infarction. The heart was then removed and 
placed in a rodent sheer matrix (Zivic instruments, Pittsburgh, 
PA) and cooled in a — 80°C freezer for 10-15 min to facilitate 
slicing. After freezing, 5-6 heart sections of 2 mm thickness were 
made. Sections of the ventricles from the level of the ligature to 
the apex were then incubated in 2% triphenyltetrazolium chlo- 
ride (TTC; Sigma-Aldrich, St. Louis, MO) solution in a 37°C 
bath for 20 min to visualize the unstained infarcted region. After 
TTC staining, viable myocardium stains brick red and the infarct 
appears pale white. This staining technique relies on the ability 
of dehydrogenase enzymes in viable myocytes to convert the stain 
to a brick red color. Heart slices were placed in buffered formalin 
and infarct size analysis of the third most distal heart slice (from 
apex-to base) was performed after 24 h. 

DETERMINATION OF INFARCT AREA 

Infarct area was identified using tetrazolium chloride as a vital 
staining technique (Fishbein et al., 1981; Ytrehus et al, 1994). 
Digital images were made of the apical side of the third slice 
of the heart from the apex. The area of infarction and LV areas 
at risk were determined by computerized planimetry using an 
image analysis software program (Image/J, National Institutes of 
Health). Area at risk for infarction was defined using Evan's blue 
dye that was injected during LAD occlusion at the termination 
of the experiment. Within the area at risk, the infarct area was 
identified by a pale region in the absence of red TTC staining and 
was expressed as a percentage (infarct area /area at risk x 100). 
Measurements were repeated 5 times for each heart and the aver- 
age of these 5 measurements was used to calculate area at risk 
and infarct area. The individual conducting the measurements 
was blinded to the experimental group. 

STATISTICAL ANALYSIS 

Statistical calculations were performed using a computer soft- 
ware program (Statview, SAS Institute, Inc, Cary, NC). Data were 
tested for distribution and equality of variance. Data for each time 
period and treatment group were summarized and are reported 
as means ± SD. Fractional shortening (FS%) and FAS were com- 
pared over the 3 different time periods and between treatment 



groups, using a two-way ANOVA for repeated measures (with 
time period as the within-groups and treatment as the between- 
subjects factors). Comparison of infarct size% between the two 
treatment groups was made explored using Student's f-test for 
unpaired data. A p < 0.05 was considered statistically significant. 

RESULTS 

BILIRUBIN PRETREATMENT SIGNIFICANTLY REDUCED RELATIVE 
INFARCT SIZE AFTER LAD OCCLUSION AND 1 H OF REPERFUSI0N 

Successful coronary artery occlusion was confirmed in each ani- 
mal by visual examination of myocardial pallor, by echocar- 
diographic identification of real-time, segmental wall motion 
abnormalities, and quantitatively by vital staining. Left anterior 
descending artery occlusion consistently created a large area at 
risk, as shown by delineation using Evans blue dye (non-ischemic 
zone) (Figure 1). Staining with TTC delineated the infarct site 
in the transverse heart section (third section from apex), with 
the area of infarction appearing pale, and the area at risk in red 
(Figure 1). Mean infarct size reported as a percentage of the area 
at risk in the non-treated rats was 25.51% ± 4.9 whereas the 
mean infarct size in the treated bilirubin group was 13.34% ± 5.7. 
Infarct size was significantly smaller in the bilirubin treated group 
when compared to the non-treated group (p = 0.0067, Figure 1). 

BILIRUBIN SUPPLEMENTATION HAD MINIMAL EFFECTS ON CARDIAC 
FUNCTION IN THE ACUTE REPERFUSI0N PERIOD 

Left ventricular systolic function was profoundly decreased in 
both experimental groups after IR, with segmental LV wall dys- 
function and resulting decreases in FS% (Figure 2) and AS% 
(Figure 3). LV function as estimated by FS% was less depressed 
during the period of ischemia in BR-treated rats, when com- 
pared to control (vehicle treated) rats (p = 0.034). However, no 
significant difference in measurements of LV function remained 
at the time of reperfusion (Figure 4). Left ventricular function 
was relatively unchanged throughout the anesthetic period in 
sham rats, validating the model and echocardiographic tech- 
nique. For FAS, LV function decreased significantly in both exper- 
imental groups after IR. Although FAS showed a similar trend 
toward improvement in the bilirubin group during the time of 
ischemia (Figure 5), differences from control were not statistically 
significant (p = 0.098). Furthermore, there was no significant 
difference in measurements of LV, FAS at the time of reperfusion. 

DISCUSSION 

Results of this study showed that bilirubin pre-treatment sig- 
nificantly reduced infarct size in a rodent model of acute LAD 
occlusion and 1 h reperfusion. Mean infarct size was nearly 50% 
less in the treated group when compared to untreated controls. 
These results correlate with the protective effect seen after phar- 
macologic or genetic upregulation of HO-1 prior to tissue injury 
(Yet et al, 2001; Melo et al, 2002; Tullius et al, 2002; Vulapalli 
et al., 2002) and suggest that bilirubin therapy may offer a sim- 
ple pharmacologic means to substitute for the effects of HO-1 
upregulation in a safe and readily achievable manner. Although 
high doses of bilirubin are potentially toxic in neonates (Scheidt 
et al., 1977; Laws, 1978; Hansen, 1993), the doses used in our cur- 
rent study are designed to produce serum concentrations that are 
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FIGURE 1 | Bilirubin significantly decreases infarct area after LAD 
occlusion. Myocardial infarction associated with 30min ischemia and 1 h 
reperfusion was documented using TTC staining. Mean infarct size is 
reported as a percentage of the area at risk (infarct area %) in the control 
rats and in rats that received 20uM/kg IP bilirubin treatment 1 h before 
ligation of the LAD (A). While there was considerable variation among rats, 
as a group, infarct area % for bilirubin treated rats was significantly smaller 
in the bilirubin treated group when compared to the non-treated group 
(*p = 0.0067). Representative image of TTC stained heart slices are 
arranged from apex (left) to heart base (right) for control (B) and bilirubin 
treated rats (C). Infarct size was quantitated using intravital staining with 
Triphenyltetrazolium chloride (TCC) in the third heart slice from the apex (in 
rectangular box). Active dehydrogenases in viable myocardial cells convert 
the water-soluble compound into a brick-red, insoluble precipitate; in 
contrast, the infarct area in this image is pale-white. Evan's blue staining 
was used to identify the area that was unaffected by the ligation, with the 
remaining area representing the area at risk. 
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FIGURE 2 | Fractional shortening was decreased in all groups after LAD 
occlusion. Two-dimensional imaging of the LV at the level of the papillary 
muscles was obtained. The anatomical M-mode cursor (green line) was 
then placed perpendicular to the ventricular septum and LV posterior wall to 
acquire M-mode imaging of the LV as indicated in the image (top). 
Representative images of rats in the control (A) and bilirubin treated group 
(B) show segmental hypokinesis secondary to myocardial ischemia and 
severely reduced systolic function at the time of reperfusion (FS 11 and 
21 %, respectively), while systolic function was normal for sham rats (C) at 
the equivalent time period (FS 44%). 



within the physiologic range in humans (5-20 u,M; Sies and Stahl, 
1995) and would not be expected to incur any risk in a healthy 
adult. IP administration of bilirubin has been shown to increase 
plasma levels of bilirubin, reaching a peak at approximately 1 h 
after administration (Wang et al., 2006). Bilirubin is then quickly 
eliminated from the circulation and redosing or chemical modi- 
fication of the molecule would be necessary to create a sustained 
effect. In type 2 Crigler-Najjar syndrome individuals the level of 
bilirubin maintain at 19mg/dL for 50 years without detectable 
damage to the nervous system (Gollan et al, 1975). Hence, in 
our study dosages between 3 and 20mg/kg have been used to 
increase total serum bilirubin concentrations into the physiologic 
range (0.5 to 1 mg/dL) and to achieve physiologic effects in rodent 



models (Wang et al, 2004, 2006; Lanone et al, 2005; Kirkby 
et al., 2007). Preconditioning therapies are typically most effec- 
tive when initiated prior to the onset of tissue injury. Although 
bilirubin had significant protective effects in this model, treat- 
ment 1-h before myocardial infarction would be impractical as 
a clinical treatment of human myocardial infarction. However, in 
elective situations where ischemia might be predicted, as with an 
interventional coronary procedure, pretreatment with bilirubin 
could be a potential option. Future studies will investigate the 
efficacy of bilirubin administration during ischemia, but prior 
to reperfusion- a dosing protocol that would be more clini- 
cally applicable. Moreover, in the serum, ~99% of bilirubin is 
bound to plasma protein and hence unavailable for intracel- 
lular actions (Sedlak and Snyder, 2004). Alternatively, creation 
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FIGURE 4 | Bilirubin improves fractional shortening at the end of 
ischemia. Mean (s.e.m.) fractional shortening measurements obtained by 
echocardiography of sham (non-ischemic), control (ischemia + vehicle) and 
control (ischemia + 20 uM bilirubin IP 1 h before induction) groups at 
baseline, at the end of 30 min of ischemia and 1 h after reperfusion. Left 
ventricular function remained relatively constant throughout the anesthetic 
period in the sham group while ischemia caused significant decreases in 
fractional shortening in both control and bilirubin treated rats. LV systolic 
function was higher in the bilirubin-treated group during ischemia, but this 
effect was not evident after reperfusion. *p < 0.05 vs. control, f p < 0.05 
vs. sham. 



FIGURE 3 | Determination of area shortening. Baseline measurements of 
the LV internal area at end-diastole (LVAd) (A) and at end-systole (LVAs) (B) 
were obtained in a control rat prior to ischemia. Fractional area shortening 
was calculated using the formula: (LVAd-LVAs/LVAd) x 100. Repeat images 
show alterations in LVAd and LVAs for a control rat (C,D) and bilirubin 
treated rat (E,F) after 30 min of ischemia. Note the severely decreased area 
shortening % that occurred after LAD occlusion and the segmental 
hypokinesis in the area of myocardial injury (white arrows) in both groups. 



of targeted drugs that can produce more sustained increases in 
serum bilirubin concentration by releasing it from the binding 
sites in the serum proteins may facilitate prophylactic treatment 
of individuals that are at risk of myocardial infarction. Limitations 
in group size restricted our ability to measure function and infarct 
size at multiple time points after injury in this initial study. In 
addition, lack of a control group that received bilirubin alone 
(without LAD occlusion) makes us unable to discern whether 
bilirubin has direct effects on LV function in the healthy animal. 



Based on the positive effects seen in this initial study, future exper- 
iments involving additional control groups and recovery models 
are indicated. 

A variety of methods are available for measurement of infarct 
size, although vital staining techniques are considered the stan- 
dard method (Fishbein et al, 1981; Ytrehus et al, 1994). TTC is 
typically used to stain viable tissue where active dehydrogenases 
in myocardial cells convert the water- soluble compound into a 
brick-red, insoluble precipitate. Tetrazolium chloride staining is a 
well-validated method that allows the early detection of myocar- 
dial infarction (Fishbein et al., 1981; Ytrehus et al., 1994). Tissue 
lacking hydrogenase enzyme activity is either dead or destined to 
die. It should be noted however, that tissue that stains positive 
is not necessarily healthy and injury may progress for hours or 
even days after reperfusion. The longer the reperfusion period, 
the more reliable the staining method becomes for discriminat- 
ing between dead and viable tissue. While some researchers state 
that reperfusion times of less than 3 h (2 h for perfused hearts) 
can make this technique less reliable (Fishbein et al., 1981; Ytrehus 
et al., 1994), others report that the technique can be used reliably 
after 1 h of reperfusion (Clark et al., 2000; Masini et al, 2003). 

Our results showed minimal differences in echocardiographic 
function at the time of reperfusion despite a clear decrease in 
infarct size in the bilirubin pretreated group. The marked decrease 
in cardiac function seen in both control and bilirubin treated 
hearts is likely due to a phenomenon termed myocardial stun- 
ning. Reversibly damaged myocytes do not contract as efficiently 
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FIGURE 5 | Bilirubin shows no detectable effect on area shortening. 

Fractional area shortening was calculated as an additional measure of global 
left ventricular function in sham (non-ischemic), control (ischemia + vehicle) 
and control (ischemia + 20 uM bilirubin IP 1 h before induction) groups at 
baseline, at the end of 30 min of ischemia and 1 h after reperfusion. Similar 
to results for fractional shortening, LAD occlusion caused significant 
decreases in FAS in both control and bilirubin treated rats. Bilirubin treated 
rats showed a trend toward better LV systolic function at the end of 
ischemia, but the difference was not statistically significant (p = 0.098). 
tp < 0.05 vs. sham. 
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FIGURE 6 | Proposed Model of lipophilic bilirubin inhibition of 
peroxidase activity of cyt c, lipid (cardiolipin) oxidation, and apoptosis 
in cardiomyocytes. 



as they did in the control state. Myocardial stunning is a reversible 
reduction in cardiac function that is not accounted for by tis- 
sue damage; rather, ischemia results in conversion to anaerobic 
glycolysis and lactate accumulation with eventual cessation of 
contraction in the entire area at risk persists for hours or days. 
It has been shown that myocytes reperfused late in the reversible 



phase of ischemia still exhibit stunning 48-72 h after being reper- 
fused and that this phenomenon is due to free radical induced 
injury (Bolli, 1990, 1992). This reverse phenomenon would not 
have been encountered in our acute model. In some circum- 
stances, myocardial stunning can be ameliorated if free radical 
scavengers are given immediately before reperfusion (Bolli, 1988). 
We elected to use transthoracic echocardiography to estimate 
systolic LV function. Echocardiographic measurements of FS% 
and FAS% are well established as methods for estimation of 
global function. However, both of these indices may be subop- 
timal for assessing regional wall motion abnormalities typical 
of focal myocardial ischemia. Both FS and FAS are intended to 
estimate ejection fraction of a symmetrically contracting ven- 
tricle. While FAS did identify wall motion abnormalities in real 
time, the quantitation of these was likely attenuated by con- 
sidering contraction of the entire ventricle or the single line 
method of the M-mode study, which may not effectively rep- 
resent segmental function. Physicians typically score regional 
wall motion abnormalities in ischemic patients when evaluat- 
ing 2D echocardiograms; however, these scores are subjective 
and at best semiquantitative. We attempted to apply myocar- 
dial strain imaging in these studies, but were disappointed by 
the reproducibility in pilot studies and did not include these 
methods in the current report. However, with refinements in 
transducers and algorithms, this approach would seem feasi- 
ble in future studies. The use of strain might also mitigate the 
impact of tethering, wherein adjacent segments can affect the 
motion of each region leading to either over-representation or 
under-representation of the true segmental wall motion abnor- 
malities. Lastly, ischemia also can affect ventricular diastolic 
function regionally and globally, but this was not evaluated in 
these rats. 

Due to the invasive nature of this study, all measurements were 
obtained with the rats under general anesthesia maintained with 
isoflurane. It is known from previous rodent studies that the dose 
and type of anesthetic may influence heart rate, LV systolic and 
diastolic function, LV thickness and LV cavity dimensions. When 
comparing isoflurane (ISF) and ketamine to pentobarbital used 
as anesthetic agents, isoflurane and ketamine yielded echocar- 
diographic LV structural and functional data different to those 
obtained in conscious rats, with isoflurane anesthesia resulting 
in significantly lower FS and AS% as compared with other anes- 
thetic agents (Plante et al., 2006; Stein et al., 2007; Droogmans 
et al., 2008; Jakobsen et al., 2010). Although general anesthesia 
is likely to have affected cardiac functional parameters in our 
model, measurements of LV function (FS and FAS%) remained 
constant throughout the anesthetic period in sham-operated rats, 
validating the model and echocardiographic technique. 

In rat, it has been demonstrated that protective effects of 
bilirubin rinses on liver for tissue grafts by reducing hepa- 
tocellular oxidative damages, post-tranplantational reperfusion 
injuries, and transplanted organ dysfunction (Kato et al., 2003). 
Our results demonstrate that bilirubin has cardiac protec- 
tive effect against IR injuries/oxidative damages. However, the 
protective action of rinse of bilirubin on post-tranplantation 
reperfusion injury and organ dysfunction in the heart remains 
to be explored. Our in vivo promising results show that there 
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is a potential opportunity for the bilirubin rinses for protection 
against post-tranplantational reperfusion injury and transplanted 
graft dysfunction in cardiac tissues. This simple costless proce- 
dure could be of greater advantage for the heart transplant. 

Based on our studies and reported literature, we propose 
that antioxidant bilirubin inhibits the peroxidase activity of 
cytochrome c, oxidation of lipids (cardiolipin), and apoptosis in 
cardiomyocytes as depicted in Figure 6. It has been reported that 
oxidative stress or damage is increased in heart disease patients 
and during surgical reperfusion of the whole heart (Ferrari et al., 
1998; Tomaselli and Barth, 2010). Oxidative stress is associated 
with increased formation of ROS. The level of ROS is increased 
under ischemia and greatly accelerated with the sudden rein- 
troduction of oxygen at the onset of reperfusion (Zweier and 
Talukder, 2006). The increased production of ROS leads to oxida- 
tive damage of various biomolecules and lipids. In heart, apop- 
tosis increases during IR (Dispersyn and Borgers, 2001; Cheng 
et al., 2010). Mitochondria are now recognized to play a crit- 
ical role in mediating both apoptotic and necrotic cell death. 
In the mitochondrial inner membrane, cardiolipin (CL) is an 
acidic phospholipid confers fluidity and stability on the mem- 
brane (Orrenius and Zhivotovsky, 2005; Gonzalvez and Gottlieb, 
2007). Cytochrome c (cyt c) is anchored to the mitochondrial 
membrane through both hydrophobic and electrostatic inter- 
actions with CL and form CL-cyt c complex (Orrenius and 
Zhivotovsky, 2005; Gonzalvez and Gottlieb, 2007). The release 
of cyt c from the mitochondria is an early step in apoptosis 
(Kluck et al., 1997). The peroxidase activity and oxidation of 
cyt c and CL respectively increases during apoptosis ( Velayutham 
et al., 2011). The oxidized CL facilitates the release of cyt c from 
mitochondria during apoptosis. Studies have shown that physi- 
ological role of bilirubin is an endogenous antioxidant (Sedlak 
and Snyder, 2004; Sedlak et al., 2009). Bilirubin has cytopro- 
tective effects against reactive oxygen species and lipid radicals 
(Sedlak et al, 2009). Bilirubin is hydrophobic and its antioxi- 
dant effect exceeds that of vitamin E toward lipid peroxidation 
(Stocker et al, 1987). It is well documented that bilirubin pre- 
vents oxidative degradation of lipids and improves cell survival 
(Sedlak et al., 2009). In men, it has been demonstrated that 
inverse relationship between serum bilirubin and atherosclerosis 
(Novotny and Vitek, 2003). In our study the administration of 
bilirubin decreased the infarct size in the heart during ischemia. 
This in vivo result suggests that lipid soluble bilirubin could 
prevent the oxidation of lipids such as cardiolipin and regu- 
late apoptotic cell death and decreases infarct size in the heart 
during IR. 

In conclusion, bilirubin supplementation was found to sig- 
nificantly reduce infarct area in an LAD occlusion model of 
myocardial IR injury. Minimal improvements were noted in 
LV function in the early reperfusion period. Current evidence 
suggests that administration of bilirubin may provide an effec- 
tive means of pre-conditioning prior to elective procedures 
or graft involving cardiac IR injuries. Conceivably, adminis- 
tration of drugs to release bilirubin from the binding sites 
in serum proteins is an alternate method of treatment for 
the protection of individuals that are at risk of myocardial 
infarction. 



REFERENCES 

Adin, C. A., Croker, B. P., and Agarwal, A. (2005). Protective effects of exoge- 
nous bilirubin on ischemia-reperfusion injury in the isolated, perfused rat 
kidney. Am. }. Physiol. Renal Physiol. 288, F778-F784. doi: 10.1152/ajprenal. 
00215.2004 

Bolli, R. (1988). Oxygen -derived free radicals and postischemic myocardial dys- 
function ("stunned myocardium"). /. Am. Coll. Cardiol. 12, 239-249. doi: 
10.1016/0735-1097(88)90381-6 

Bolli, R. (1990). Mechanism of myocardial "stunning." Circulation 82, 723-738. doi: 
10.1161/01.CIR.82. 3.723 

Bolli, R. (1992) Myocardial "stunning" in man. Circulation 86, 1671-1691. doi: 
10.1161/01.CIR.86.6.1671 

Bonnell, M. R., Visner, G. A., Zander, D. S., Mandalapu, S., Kazemfar, K., Spears, 
L., et al. (2004). Heme-oxygenase- 1 expression correlates with severity of acute 
cellular rejection in lung transplantation. /. Am. Coll. Surg. 198, 945-952. doi: 
10.1016/j.jamcollsurg.2004.01.026 

Breimer, L. H., Wannamethee, G., Ebrahim, S., and Shaper, A. G. (1995). Serum 
bilirubin and risk of ischemic heart disease in middle-aged British men. Clin. 
Chem. 41, 1504-1508. 

Cheng, Y., Zhu, P., Yang, J., Liu, X., Dong, S., Wang, X., et al. (2010). Ischaemic 
preconditioning-regulated miR-21 protects heart against ischaemia/reperfusion 
injury via anti-apoptosis through its target PDCD4. Cardiovasc. Res. 
87,431-439. doi: 10.1093/cvr/cvq082 

Clark, J. E., Foresti, R., Sarathchandra, P., Kaurserum, H., Green,C. J., and 
Motterlini, R. (2000). Heme oxygenase- 1 -derived bilirubin ameliorates postis- 
chemic myocardial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 278, 
H643-H651. 

Dispersyn, G. D., and Borgers, M. (2001) Apoptosis in the heart: about pro- 
grammed cell death and survival. News Physiol. Sci. 16, 41-47. 

Djousse, L., Levy, D., Cupples, L. A., Evans, J. C, D'Agostino, R. B., and Ellison, 
R. C. (2001). Total serum bilirubin and risk of cardiovascular disease in the 
framingham offspring study. Am. J. Cardiol. 87, 1196-1200. doi: 10.1016/S0002- 
9149(01)01494-1 

Droogmans, S., Lauwers, R., Cosyns, B., Roosens, B., Franken, P. R., Weytjens, 
C.j et al. (2008). Impact of anesthesia on valvular function in normal 
rats during echocardiography. Ultrasound Med. Biol. 34, 1564-1572. doi: 
10.1016/j.ultrasmedbio.2008.02.017 

Ferrari, R., Agnoletti, L., Comini, L., Gaia, G., Bachetti, T., Cargnoni, A., et al. 
(1998). Oxidative stress during myocardial ischaemia and heart failure. Eur. 
Heart J, 19(Suppl. B), B2-B11. 

Fishbein, M. C., Meerbaum, S., Rit, J., Lando, U., Kanmatsuse, K., Mercier, 
J. C., et al. (1981). Early phase acute myocardial infarct size quantifica- 
tion: validation of the triphenyl tetrazolium chloride tissue enzyme stain- 
ing technique. Am. Heart }. 101, 593-600. doi: 10.1016/0002-8703(81) 
90226-X 

Ghem, C, Sarmento-Leite, R. E., de Quadros, A. S., Rossetto, S., and Gottschall, 
C. A. (2010). Serum bilirubin concentration in patients with an estab- 
lished coronary artery disease. Int. Heart J. 51, 86-91. doi: 10.1536/ 
ihj.51.86 

Gollan, J. L., Huang, S. N., Billing, B., and Sherlock, S. (1975). Prolonged survival in 
three brothers with severe type 2 Crigler- Najjar syndrome. Ultrastructural and 
metabolic studies. Gastroenterology 68, 1543-1555. 

Gonzalvez, E, and Gottlieb, E. (2007). Cardiolipin: setting the beat of apoptosis. 
ApoptosisM, 877-885. doi: 10.1007/sl0495-007-0718-8 

Gul, M., Uyarel, H., Ergelen, M., Akgul, O., Karaca, G., Turen, S., et al. 
(2013). Prognostic value of total bilirubin in patients with ST-segment 
elevation acute myocardial infarction undergoing primary coronary 
intervention. Am. }. Cardiol. Ill, 166-171. doi: 10.1016/j.amjcard.2012. 
09.011 

Hagar, J. M., Matthews, R., and Kloner, R. A. (1995). Quantitative two- 
dimensional echocardiographic assessment of regional wall motion during 
transient ischemia and reperfusion in the rat. /. Am. Soc. Echocardiogr. 8, 
162-174. doi: 10.1016/S0894-7317(05)80405-5 

Hansen, T. W. (1993). Bilirubin and brain toxicity in neonates: dead but won't lie 
down? Pediatrics 91, 1218-1219. 

Hopkins, P. N., Wu, L. L., Hunt, S. C, James, B. C, Vincent, G. M., and Williams, 
R. R. (1996). Higher serum bilirubin is associated with decreased risk for early 
familial coronary artery disease. Arterioscler. Thromb. Vase. Biol. 16, 250-255. 
doi: 10.1161/01.ATV.16.2.250 



w w w.f ro ntiersin.org 



February 2014 | Volume 5 | Article 53 | 7 



Ben-Amotz et al. 



Bilirubin decreases coronary IR damages 



Jakobsen, C. J., Torp, P., Vester, A. E„ Folkersen, L., Thougaard, A., and Sloth, 
E. (2010). Ketamine reduces left ventricular systolic and diastolic function in 
patients with ischaemic heart disease. Acta Anaesthesiol Scand. 54, 1137-1144. 
doi: 10.1 1 1 1/j. 1399-6576.2010.02283.X 

Kapitulnik, J. (2004). Bilirubin: an endogenous product of heme degradation with 
both cytotoxic and cytoprotective properties. Mol. Pharmacol. 66, 773-779. doi: 
10.1124/mol.l04.002832 

Kato, Y., Shimazu, M., Kondo, M., Uchida, K., Kumamoto, Y., Wakabayashi, G., 
et al. (2003). Bilirubin rinse: a simple protectant against the rat liver graft injury 
mimicking heme oxygenase- 1 preconditioning. Hepatology 38, 364-373 doi: 
10.1053/jhep.2003.50300 

Kaur, H., Hughes, M. N., Green, C. J., Naughton, P., Foresti, R., and 
Motterlini, R. (2003). Interaction of bilirubin and biliverdin with reac- 
tive nitrogen species. FEBS Lett. 543, 113-119. doi: 10.1016/S0014-5793(03) 
00420-4 

Kirkby, K. A., and Adin, C. A. (2006). Products of heme oxygenase and their poten- 
tial therapeutic applications. Am. J. Physiol. Renal Physiol. 290, F563-F571. doi: 
10.11 52/ajprenal.00220.2005 

Kirkby, K., Baylis, C., Agarwal, A., Croker, B., Archer, L., and Adin, C. (2007). 
Intravenous bilirubin provides incomplete protection against renal ischemia- 
reperfusion injury in vivo. Am. }. Physiol. Renal Physiol. 292, F888-F894. doi: 
10.1152/ajprenal.00064.2006 

Kluck, R. M., Bossy-Wetzel, E., Green, D. R., and Newmeyer, D. D. (1997). 
The release of cytochrome c from mitochondria: a primary site for Bcl- 
2 regulation of apoptosis. Science 275, 1132-1136. doi: 10.1126/science.275. 
5303.1132 

Lanone, S., Bloc, S., Foresti, R., Almolki, A., Taille, C, Callebert, J., et al. (2005). 
Bilirubin decreases NOS2 expression via inhibition of NAD(P)H oxidase: impli- 
cations for protection against endotoxic shock in rats. FASEB J. 19, 1890-1892. 
doi: 10.1096/fj.04-2368fje 

Laws, H. F. 2nd. (1978). Toxicity of bilirubin in the neonates./. Pediatr. 92, 858. doi: 
10.1016/S0022-3476(78)80189-9 

Maines, M. D. (1988). Heme oxygenase: function, multiplicity, regulatory mecha- 
nisms, and clinical applications. FASEB J. 2, 2557-2568. 

Masini, E., Vannacci, A., Marzocca, C, Pierpaoli, S., Giannini, L., Fantappie, O., 
et al. (2003). Heme oxygenase-1 and the ischemia-reperfusion injury in the rat 
heart. Exp. Biol. Med. 228, 546-549. 

Mayer, M. (2000). Association of serum bilirubin concentration with risk of 
coronary artery disease. Clin. Chem. 46, 1723-1727. 

Melo, L. G, Agrawal, R., Zhang, L., Rezvani, M., Mangi, A. A., Ehsan, A., et al. 

(2002) . Gene therapy strategy for long-term myocardial protection using adeno- 
associated virus-mediated delivery of heme oxygenase gene. Circulation 105, 
602-607. doi: 10.1161/hc0502.103363 

Minetti, M., Mallozzi, C, Di Stasi, A. M., and Pietraforte, D. (1998). 
Bilirubin is an effective antioxidant of peroxynitrite-mediated protein oxi- 
dation in human blood plasma. Arch. Biochem. Biophys. 352, 165-174. doi: 
10.1006/abbi.l998.0584 

Nakao, A., Choi, A. M., and Murase, N. (2006). Protective effect of carbon monox- 
ide in transplantation. /. Cell. Mol. Med. 10, 650-671. doi: 10.1111/j.l582- 
4934.2006.tb00426.x 

Nakao, A., Kimizuka, K., Stolz, D. B., Seda, N. J., Kaizu T, Choi AM., et al. 

(2003) . Protective effect of carbon monoxide inhalation for cold-preserved 
small intestinal grafts. Surgery 134, 285-292 doi: 10.1067/msy.2003.238 

Nakao, A, Neto, J. S., Kanno, S., Stolz, D. B., Kimizuka, K., Liu, E, et al. (2005). 
Protection against ischemia/ reperfusion injury in cardiac and renal transplan- 
tation with carbon monoxide, biliverdin and both. Am. J. Transplant. 5, 282-291 
doi: 10.1 1 1 1/j. 1600-6143.2004.00695.X 

Novotny, L., and Vitek, L. (2003). Inverse relationship between serum bilirubin and 
atherosclerosis in men: a meta-analysis of published studies. Exp. Biol. Med. 228, 
568-571. 

Ollinger, R., Bilban, M., Erat, A., Frolo, A., McDaid, J., Tyagi, S., et al. 
(2005). Bilirubin: a natural inhibitor of vascular smooth muscle cell prolif- 
eration. Circulation 112, 1030-1039. doi: 10.1161/CIRCULATIONAHA.104. 
528802 

Ollinger, R., Yamashita, K., Bilban, M., Erat, A., Kogler, P., Thomas, M., et al. 

(2007). Bilirubin and biliverdin treatment of atherosclerotic diseases. Cell Cycle 

6, 39-43. doi: 10.4161/cc.6.1.3700 
Orrenius, S., and Zhivotovsky, B. (2005). Cardiolipin oxidation sets cytochrome c 

free. Nat. Chem. Biol. 1, 188-189. doi: 10.1038/nchembio0905-188 



Plante, E., Lachance, D., Roussel, E., Drolet, M. C, Arsenault, M., and Couet, 
J. (2006). Impact of anesthesia on echocardiographic evaluation of systolic 
and diastolic function in rats. /. Am. Soc. Echocardiogr. 19, 1520-1525. doi: 
10.1016/j.echo.2006.06.011 

Scheidt, P. C, Mellits, E. D., Hardy, J. B., Drage, J. S., and Boggs, 
T. R. (1977). Toxicity to bilirubin in neonates: infant development 
during first year in relation to maximum neonatal serum biliru- 
bin concentration. /. Pediatr. 91, 292-297. doi: 10.1016/S0022-3476 
(77)80835-4 

Schwertner, H. A., Jackson, W. G, and Tolan, G. (1994). Association of low concen- 
tration of bilirubin with increased risk of coronary artery disease. Clin. Chem. 
40, 18-23. 

Sedlak, T. W., Saleh, M., Higginson, D. S., Paul, B. D., Juluri, K. R., and 
Snyder, S. H. (2009). Bilirubin and glutathione have complementary antioxi- 
dant and cytoprotective roles. Proc. Natl. Acad. Set. U.S.A. 106, 5171-5176. doi: 
10.1073/pnas.0813132106 

Sedlak, T. W., and Snyder, S. H. (2004). Bilirubin benefits: cellular protection 
by a biliverdin reductase antioxidant cycle. Pediatrics 113, 1776-1782. doi: 
10.1542/peds.ll3.6.1776 

Sies, H. and Stahl, W. (1995). Vitamins E and C, beta-carotene, and 
other carotenoids as antioxidants. Am. }. Clin. Nutr. 62(Suppl. 6), 
1315S-1321S. 

Stein, A. B., Tiwari, S., Thomas, P., Hunt, G, Levent. C, Stoddard, M. E, et al. 
(2007). Effects of anesthesia on echocardiographic assessment of left ven- 
tricular structure and function in rats. Basic Res. Cardiol. 102, 28-41. doi: 
10. 1007/s00395-006-0627-y 

Stacker, R., Yamamoto, Y, McDonagh, A. E, Glazer, A. N., and Ames, B. N. (1987). 
Bilirubin is an antioxidant of possible physiological importance. Science 235, 
1043-1046. doi: 10.1126/science.3029864 

Temme, E. H., Zhang, J., Schouten, E. G, and Kesteloot, H. (2001). Serum bilirubin 
and 10-year mortality risk in a belgian population. Cancer Causes Control 12, 
887-894. doi: 10.1023/A:1013794407325 

Tomaselli, G. E, and Barth, A. S. (2010). Sudden cardio arrest: oxida- 
tive stress irritates the heart. Nat. Med. 16, 648-649. doi: 10.1038/ 
nm0610-648 

Tullius, S. G., Nieminen-Kelha, M., Buelow, R., Reutzel-Selke, A., Martins, 
P. N., Pratschke, J., et al. (2002). Inhibition of ischemia/reperfusion 
injury and chronic graft deterioration by a single-donor treatment 
with cobalt-protoporphyrin for the induction of heme oxygenase- 
1. Transplantation 74, 591-598. doi: 10.1097/00007890-200209150- 
00001 

Velayutham, M., Hemann, C, and Zweier, J. L. (2011). Removal of H 2 0 2 and gen- 
eration of superoxide radical: role of cytochrome c and NADH. Free Radio. Biol. 
Med. 51, 160-170. doi: 10.1016/j.freeradbiomed.2011.04.007 

Vitek, L., and Ostrow, J. D. (2009). Bilirubin chemistry and metabolism; 
harmful and protective aspects. Curr. Pharm. Des. 15, 2869-2883. doi: 
10.2174/138161209789058237 

Vulapalli, S. R., Chen, Z., Chua, B. H., Wang, T, and Liang, C. S. 
(2002). Cardioselective overexpression of HO-1 prevents I/R-induced car- 
diac dysfunction and apoptosis. Am. J. Physiol. Heart Circ. Physiol. 283, 
H688-H694. 

Wang, H., Lee, S. S., DelLAgnello, C, Tchipashvili, V., dAvila, J. C, Czismadia, E., 

et al. (2006). Bilirubin can induce tolerance to islet allografts. Endocrinology 147, 

762-768. doi: 10.1210/en.2005-0632 
Wang, W. W., Smith, D. L. H., and Zucker, S. D. (2004). Bilirubin inhibits iNOS 

expression and NO production in response to endotoxin in rats. Hepatology 40, 

424-433. doi: 10.1002/hep.20334 
Werns, S. W., Shea, M. J., and Lucchesi, B. R. (1985). Free radicals in ischemic 

myocardial injury. /. Free Radio. Biol. Med. 1, 103-110. doi: 10.1016/0748- 

5514(85)90013-3 

Werns, S. W., Shea, M. J., and Lucchesi, B. R. (1986). Free radicals and 
myocardial injury: pharmacologic implications. Circulation 74, 1-5. doi: 
10.1161/01.CIR.74.1.1 

Yet, S. E, Tian, R., Layne, M. D., Wang, Z. Y, Maemura, K., Solovyeva, M., 
et al. (2001). Cardiac-specific expression of heme oxygenase-1 protects against 
ischemia and reperfusion injury in transgenic mice. Circ. Res. 89, 168-173. doi: 
10.1161/hhl401.093314 

Ytrehus, K., Liu, Y, Tsuchida, A., Miura, T, Liu, G. S., Yang, X. M., 
et al. (1994). Rat and rabbit heart infarction: effects of anesthesia, per- 



Frontiers in Physiology | Oxidant Physiology 



February 2014 | Volume 5 | Article 53 | 8 



Ben-Amotz et al. 



Bilirubin decreases coronary IR damages 



fusate, risk zone, and method of infarct sizing. Am. J. Physiol 267, 
H2383-H2390. 

Zweier, J. L., and Talukder, M. A. (2006). The role of oxidants and free radicals in 
reperfusion injury. Cardiovasc. Res. 70, 181-190. doi: 10.1016/j.cardiores.2006. 
02.025 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 26 November 2013; accepted: 27 January 2014; published online: 18 
February 2014. 



Citation: Ben-Amotz R, Bonagura J, Velayutham M, Hamlin R, Burns P and Adin C 
(2014) Intraperitoneal bilirubin administration decreases infarct area in a rat coro- 
nary ischemia/reperfusion model. Front. Physiol. 5:53. doi: 10. 3389/fphys. 2014. 00053 
This article was submitted to Oxidant Physiology, a section of the journal Frontiers in 
Physiology. 

Copyright © 2014 Ben-Amotz, Bonagura, Velayutham, Hamlin, Burns and Adin. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms. 



www.frontiersin.org 



February 2014 | Volume 5 | Article 53 | 9 



